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NASA TT F-11,287 

ON THE POSSIBLE MECHANISM OF CHROMOSPHERIC FLARE EMISSION 

E. Y e .  Dubov 

ABSTRACT. It is shown tha t  energy production due t o  ioni-  
za t ion  lo s ses -o f  f a s t  p a r t i c l e s ,  o r ig ina t ing  on the sun, is  suf- 
f i c i e n t  t o  explain f l a r e  emission and t h a t  heating of t he  gas 
should take p lace  during the  re laxa t ion  t i m e  of energy balance 
i n  t h e  f l a r e .  
f a s t  p a r t i c l e s  on t i m e  is  computed on the  b a s i s  of ex i s t ing  con- 
ceptions on t h e  spec t r a  of f a s t  p a r t i c l e s .  
dependence is i n  agreement with the  photometric curves i n  H ob- 

ta ined  f o r  f l a r e s .  It has a l so  been found t h a t  t h e  emission in- 
crease i n  t h e  H and L l i n e s  during f l a r e s  should not be 

observed simultaneously. 

The dependence of i on iza t ion  energy lo s ses  of 

It is  shown t h a t  t h i s  

a 

a a b 

I. I n i t i a l  Data 

It i s  w e l l  known t h a t  many chromosphere f l a r e s  are accompanied by an in- 
crease i n  cosmic ray i n t e n s i t y  on the  ear th .  

energies on the  order of lo8 - 10" e V  i s  frequently discussed (Ref. 1-10). 
D i f f e ren t  researchers  have agreed t h a t  for  l a r g e  f l a r e s  t h e  number of p a r t i c l e s  

produced wi th  g rea t  energy i s  on the order of 10 

about p a r t i c l e  energy on the  order of 1 0  e V .  This conclusion w a s  reached, f o r  
example, by comparing (Ref. 7 ,  8 ,  9) .  

Solar emission of p a r t i c l e s  with 

33 . On t h e  average, w e  may t a l k  
9 

A. B. Severnyy (Ref. ll), Dorman (Ref. 7), and A. B. Severnyy and V. P. 
Shabanskiy (Ref. 12) i n  p a r t i c u l a r  d e t a i l  examined t h e  problem of poss ib le  mech- 
anisms by which p a r t i c l e s  are accelerated on t h e  sun during l a r g e  chromosphere 
flares. It w a s  found from a theo re t i ca l  i nves t iga t ion  of t h e  mechanism f o r  par- 

4 t i c l e  acce le ra t ion  on the  sun t h a t  during f l a r e s  on t h e  sun, up t o  10 p a r t i c l e s  

are acce le ra t ed  i n  1 cm of t h e  chromosphere volume. 
Based on purely energy considerations,  S. I. Gopasyuk (Ref. 13) found t h a t  

3 . 1 0 ~ ~  p a r t i c l e s  must be accelerated i n  a f l a r e ,  i f  i t  i s  assumed t h a t  on the  

average t h e i r  energy equals 10 Assuming t h a t  t h e  volume of t he  f l a r e  i s  

of t h e  f i a r e  voiume contains 3*i05  p a r t i c i e s .  

3 Their energy may reach 10Bev. 

9 eV.  
3 3 3 0 1 0 ~ ~  cm and t h a t  t he  number of the  p a r t i c l e s  equals w e  f i nd  t h a t  1 cm 

W e  took da ta  from (Ref. 4-16) on the r e s u l t s  derived from a spectroscopic /87 
7 

study of chromosphere f l a r e s .  According t o  these  da ta ,  10 hydrogen atoms on 

*Note: Numbers i n  the margin i n d i c a t e  pagination i n  the o r i g i n a l  fore ign  t ex t .  
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6 t h e  second level and 2.3010 

1 cm of the  f l a r e .  The t o t a l  dens i ty  i n  t h e  f l a r e s  is  d i f f e r e n t  according t o  

da ta  given i n  d i f f e r e n t  s tud ies .  W e  decided on a value of 5-10 atoms per  

1 cm This value is  somewhat higher than t h e  customary value f o r  
t he  chromosphere a t  an a l t i t u d e  on t h e  order of 2000 km above i t s  base. For the  
ca lcu la t ions ,  w e  assumed that the chromosphere cons i s t s  e n t i r e l y  of hydrogen. 
The br ightness  of t he  continuous spectrum c lose  t o  t h e  H l i n e  i s  on the  order 

of 4.10 erg/cm *sec per  angstrom f o r  the center  of t h e  s o l a r  d i sc .  Only f l a r e s  
of t he  2+ and 3 scale caused a considerable increase  i n  cosmic ray i n t e n s i t y .  
According t o  (Ref. 171, i t  may be assumed t h a t  their area comprises 1000 mi l l i on  

f r a c t i o n s  of the s o l a r  d i sc .  T h i s  i s  3.10 cm . I f  i t  is  assumed t h a t  t h e  

f l a r e  thickness equals 10 a, then i t s  volume equals 3'10 cm . Cosmic rays 
reach t h e  e a r t h  with delays whose magnitude may change from 20 - 30 minutes up 
t o  seve ra l  hours. It may be assumed t h a t  p a r t  of t h i s  delay is  caused by re- 
t a rda t ion  of rap id  p a r t i c l e s  on t h e  sun due t o  t h e  inf luence  of the  magnetic 
f i e l d s .  
than a kilometer even i n  a s m a l l  magnetic w i t h  a s t r eng th  of 100 gauss, s ince  

SI2 
eH' r =  

with t h e  magnetic f i e l d ,  t he  p a r t i c l e  w i l l  move along a s p i r a l .  
t i o n  of t h e  magnetic f i e l d s  i n  t h e  f l a r e  region may be  such t h a t  the  p a r t i c l e  
is  g r e a t l y  delayed i n  leaving the  v i c i n i t y  of t h e  sun. W e  may assume t h a t  t h e  
delay t i m e  of r ap id  p a r t i c l e s  i n  the chromosphere of t h e  sun equals t h e  dura t ion  

of t h e  f l a r e ,  and i s  10 sec.  It may be shown t h a t  protons having g r e a t  energies 
may be e n t i r e l y  responsible f o r  those phenomena which are observed o p t i c a l l y  i n  
t h e  l i n e s  of hydrogen. This p o s s i b i l i t y  w a s  f i r s t  examined by A. B. Severnyy 
(Ref. i6j. 

hydrogen atoms on the t h i r d  l e v e l  are contained i n  
3 

1 2  

3 3 (lo-'' g/cm ) . 

a 5 2 

19 2 

8 27 3 

The gyration rad ius  of p a r t i c l e s  wi th  energies of lo9 eV w i l l  be  less 

It thus follows t h a t ,  i f  t h e  p a r t i c l e  pulse d i r e c t i o n  does not  coincide 

The configura- 

3 

11. Energy Losses by P a r t i c l e s  

This s e c t i o n  presents  t h e  f i r s t  preliminary ca lcu la t ions ,  f o r  which i t  w a s  
assumed as t h e  f i r s t  approximation t h a t  each cubic centimeter of f l a r e  volume 

5 9 contains 10 p a r t i c l e s  with energies of 10 eV.  

Moving i n  t h e  chromosphere, t he  rapid p a r t i c l e s  i n t e r a c t  with t h e  atoms of 
The energy lo s ses  are p a r t i a l l y  surrounding gas,  which decreases t h e i r  energy. 

r e l a t e d  t o  bremsstrahlung of rap id  p a r t i c l e s  i n  t h e  e l e c t r i c  f i e l d  of nuc le i .  
The energy l o s s e s  are p a r t i a l l y  a r e s u l t  of e l a s t i c  c o l l i s i o n s ,  and are p a r t i a l l y  
r e l a t e d  t o  lo s ses  i n  ion iza t ion  and t h e  e x c i t a t i o n  of surrounding atoms (ioni- 
za t ion  l o s s e s ) .  

I n  t h i s  art icle,  we s h a l l  not i nves t iga t e  lo s ses  due t o  bremsstrahlung, 
s i n c e  t h i s  energy is  l i b e r a t e d  i n  the  form of y-quanta, which are ba re ly  absorbed 
i n  t h e  atmosphere of t h e  sun and pass t o  t h e  outs ide  without hinderance. 

The s t u d i e s  (Ref. 18, 19) present the  r e l a t i v e  p r o b a b i l i t i e s  of a d i f f e r e n t  
type  of c o l l i s i o n s  f o r  e l ec t rons  moving i n  hydrogen. It is known t h a t  a t  l a rge  

2 



v e l o c i t i e s  protons behave exac t ly  l ike e lec t rons  moving a t  the same ve loc i ty  
(Ref. 19).  
l i s i o n s  depends s l i g h t l y  on the  p a r t i c l e  energy. Roughly speaking, 10% of the  
ion iza t ion  energy lo s ses  i s  expended on elastic c o l l i s i o n s ,  30% on ion iza t ion ,  
and 60% on e x c i t a t i o n  of atoms. 
l eve l ,  7% on e x c i t a t i o n  of t h e  t h i r d  leve l ,  and 3% on exc i t a t ion  of t he  fou r th  
level. A s  a r e s u l t  of a rap id  proton passage, due t o  ion iza t ion  of atom5 sec- 
ondary e l ec t rons  appear which a l so  have great energies.  
such e l ec t rons  w i l l  appear i s  inverse ly  proportional t o  the  square of t h e i r  
energy (Ref. 20). I n  t h e i r  tu rn ,  these  e lec t rons  lead  t o  exc i t a t ion  and ion i -  
za t ion  of atoms. 
p a r t i c l e  energy i s  no less than the  ion iza t ion  energy, o r  does no t  
t h e  thermal energy of gas particles (Ref. 21). The maximum energy of secondary 
e l ec t rons  may be determined from t h e  formula 

This d i s t r i b u t i o n  of p r o b a b i l i t i e s  f o r  a d i f f e r e n t  type of col- 

40-45% i s  expended on e x c i t a t i o n  of t he  second 

The p robab i l i t y  t h a t  

The process of energy f r ac t iona t ion  w i l l  occur u n t i l  t h e  
compare w i t h  

where M i s  t h e  p a r t i c l e  mass. Assuming t h a t  t he  energy of primary protons equals 

10 eV,  which corresponds t o  an e l ec t ron  ve loc i ty  

of 2.5*1010 cm/sec. 
re la t ivis t ic  e l ec t rons ,  which are responsible f o r  t h e  continuous emission of 
f l a r e s  which is  sometimes observed (synchrotron emission) (Ref. 22). 

9 6 e V ,  w e  f i nd  t h a t  \ax = 2.4'10 

Thus, w e  have found an explanation f o r  t he  formation of 

I n  order  t o  determine the  magnitude of i on iza t ion  lo s ses ,  w e  employ t h e  for- 
mula given i n  (Ref. 23) 

2 where k is the energy l o s s  per  1 
z ,  Z ,  and A f o r  rap id  protons moving i n  hydrogen equal un i ty ,  r 

e l e c t r o n  rad ius ,  m -- i t s  mass, I (2) -- t h e  mean "exc i ta t ion  and ion iza t ion  

po ten t i a l "  assumed t o  equal 13 eV.  

a v e l o c i t y  of u = 0.875 c, i.e., with an energy of about lo9 eV.  

equal 4.7-10 ev per  1 gram. For i n t e n s i t y  of 10 g/cm , t h i s  comprises 

k '  = k ~ ~ 1 0  ev per 1 second, o r  about 1.5010 

1 cm- conta ins  10 rap id  protozs,  the total l i b e r a t i o n  of energy due t o  lo s ses  

of r ap id  p a r t i c l e s  comprises E = 10 -1.5.10 

t h i s  g ives  4.5*102' e rg  over t he  e n t i r e  f l a r e  volume, which corresponds t o  t h e  

t o t a l  energy emitted by the  f l a r e s  (Ref. 10).  

column wi th  a c ross  sec t ion  of 1 cm2 is  1.5.10 

g/an , N -- the Avogadro number, t he  q u a n t i t i e s  
-- t h e  c l a s s i c a l  

e 

e 
W e  performed ca l cu la t ions  f o r  protons with 

The l o s s e s  
6 -11 3 

6 -6 erg/sec.  Since w e  assume t h a t  
3 5 

5 -6 3 =0.15 erg/cm *set. I n  1000 seconds, 

The l i b e r a t i o n  of energy i n  a 
7 2 erg/cm -set. 

W e  may estimate the number of p a i r s  of ions  formed by a proton having this 
3 



energy. It is  propor t iona l  t o  t h e  expenditure of energy on ion iza t ion  losses ,  
and t h e  propor t iona l i ty  coe f f i c i en t  represents t h e  average energy expenditures 
on one ion iza t ion  act. This c o e f f i c i e n t  bare ly  depends on t h e  na ture  of the  
substance, and approximately equals 30 e V  (Ref. 21, 2 4 ) .  Consequently, 

dni - 30 
9 3 5 - lo6 lo = 3.3 10 p a i r s  p e r  1 cm /sec. Ion iza t ion  equilibrium is  

es tab l i shed  i n  t h e  f l a r e s  very rap id ly  (Ref. 25). The number of 

dni i e 

, cubic centimeter may be  determined from the  steady-state equation 

= n n C (T) 

i ons  i n  a 

(3) 

I 
I f  w e  assume t h a t  ni = ne and C (T) = 4.0 [Ref. 261, then 

n: 

n.w3.6* 10 11 cm-3 
1 

This corresponds t o  t h e  ion iza t ion  x = 0.07. A comparison of t h i s  quant i ty  

with t h e  expected value f o r  t he  chromosphere a t  these  a l t i t u d e s  (Ref. 27) shows /89 
t h a t  only due t o  i on iza t ion  by rap id  p a r t i c l e s  can t h e  e l e c t r o n  density i n  a 
flare s u b s t a n t i a l l y  exceed the  e l ec t ron  density i n  the  surrounding chromosphere. 

n 

111. Flare  Emission 

The monochromatic br ightness  of a f l a r e  a t  d i f f e r e n t  wavelengths may be 
ca lcu la ted  according t o  t h e  following formula (Ref. 13) 

wiLere ?< -11 XT are +-LA cLLF; n . r m h m r =  LIIIYIYILY nf atoms on the  upper and lower levels, respec- 
3 k *lLu i 

t ive ly , fo r  t h e  t r a n s i t i o n  under consideration i n  1 cm , T -- o p t i c a l  thickness 

of t h e  f l a r e  i n  the given wavelength. 

c a l c u l a t i o n s  of Severnyy (Ref. 28). According t o  the  da ta  presented i n  (Ref. 1 4  
and 291, IH erg/cm ssec-s te r .  According t o  formula ( 4 )  i t  w a s  found 

t h a t  I = 2.1 ’ 10 erg/cm asec-ster. Rocket measurements during f l a r e s  revealed 

no s i g n i f i c a n t  i n t e n s i f i c a t i o n  of s o l a r  r ad ia t ion  i n  L (Ref. 30-31), and-10 

erg  w a s  obtained from other  very uncertain measurements. 
i n  t h e  H and L Neither can a g r e a t  dea l  of 

eilergy be m i t t e d  in t h e  Lyman continuum, s ince  the re  are very many absorbing 
atoms f o r  i t ,  j u s t  as f o r  L . According t o  da ta  i n  (Ref. 33) ,  i t  may be shown 

t h a t  even i f  recombination is the  bas i c  mechanism f o r  f l a r e  emission, t h e  inten- 
s i t y  o f t h e  Ha l i n e  exceeds the i n t e n s i t y  of the  Balmer continuum by seve ra l  f a c t o r s .  

Observations d id  not reveal any s i g n i f i c a n t  B a l m e r  continuum i n  t h e  f l a r e s .  
sequently,  r a d i a t i o n  i n  La and H 

remove approximately 1.5010 

as For La, A i =  9.3. 10 cm according t o  

6 2 
= 7-8 10 

a 
6 2 

Ly 7 
a 

A s  w e  may see, r ad ia t ion  
l i n e s  is  approximately the  same. 

a ct 

a 

Con- 

erg/cm**sec on the  whole, p lays  the  fundamental r o l e  

which are comparable t o  each o ther  and which 
a’ 7 

4 



7 
i n  energy removal. 
due t o  ion iza t ion  lo s ses  i n  a column having t h e  c ross  sec t ion  of 1 cm2. 
c lose ly  corresponds t o  t h a t  which much be removed from 1 cm2 of the  f l a r e  sur face  
by r ad ia t ion  i n  L and H . 
g r e a t e r  than t h e  brightness of t he  continuous spectrum i n  the v i c i n i t y  of t h e  
H 

As w a s  shown i n  Section 11, 1.5.10 erg/cm2*sec is l ibe ra t ed  
This 

Surface brightness of a f l a r e  i n  H is a l i t t l e  
a a a 

l i n e ,  ca lcu la ted  f o r  1 A, which equals 4*106 erg/cm2*sec. a 

L e t  us determine the amount of quanta and t h e  t o t a l  energy removed by rad- 
i a t i o n  i n  H during recombinations following t h e  f l i g h t  of a r ap id  p a r t i c l e :  re- 

s u l t i n g  from e x c i t a t i o n  of t h e  t h i r d  l e v e l  (assuming that they a l l  produce H 

quantum i n  the last ana lys i s ) ,  and r e su l t i ng  from e x c i t a t i o n  of higher levels 
(assuming t h a t  h a l f  of t he  exc i t a t ions  of t h e  four th  l e v e l  and a fou r th  of t h e  
t o t a l  number of exc i t a t ions  of higher hydrogen levels leads  t o  r a d i a t i o n  of H 

quanta). Allowance f o r  r ad ia t ion  i n  t h e  remaining l i n e s  of the Balmer series 
changes t h e  r e s u l t s  obtained very l i t t l e .  
removed i n  t h e  H 

t o  t h e  r a d i a t i o n  of one H 

amount of i on iza t ion  and e x c i t a t i o n  energy l i b e r a t e d  due t o  ion iza t ion  lo s ses ,  
as w e l l  as the  t o t a l  number of p a i r s  of ions formed as a r e s u l t  of t h e  f l i g h t  
of a rap id  proton. It is  found t h a t  as a r e s u l t  of t hese  processes only 5 0 1 0 ~  

Ha quanta I n  a l l  a r e  formed, o r  less than 2'10 
quently,  the r a d i a t i o n  of H 

d i r e c t l y  during the  f l i g h t  of rap id  p a r t i c l e s ,  
l i b e r a t e d  due t o  ion iza t ion  
tr. LV +-rQ-P,""n IllLLF-Uo5. \?e thus a r r i v e  st 
i on iza t ion  must r ap id ly  increase  a t  t h e  beginning of a f l a r e ,  s ince  supplementary 
r a d i a t i o n  i n  t h e  L 

genera l  (see below). 
atoms on the t h i r d  level reaches the observed va lue  

r a d i a t i o n  i n  H W e  may 

determine t h e  corresponding temperature by two methods: i n  t h e  f i r s t  p lace ,  w e  
may assume t h a t  t h e  d i s t r i b u t i o n  between t h e  f i r s t  and t h i r d  levels is given by 
t h e  Boltzmann formula, ~ . e . ,  

a 

a 

a 

W e  can only overestimate the  energy 
l i n e  i f  w e  assume that each ion iza t ion  event leads  u l t imate ly  a 

quantum. Based on Section 11, we  know t h e  t o t a l  a 

-2 2 erg/cm 'sec.  Conse- 

formed as a r e s u l t  of i on iza t ion  and e x c i t a t i o n  

lo s ses ,  and t h e  temperature of t h e  region begins 

a' 
cannot remove a l l  of t h e  energy /90 

the cati~ral result t h a t  t h e  temperature and 

l i n e  does not  leave the  region under consideration i n  
c1 

This increase  must continue u n t i l  t h e  number of hydrogen 
n3 = 3*106 cm-3, when 

can remove a l l  of t h e  energy l i b e r a t e d  per  u n i t  volume. a 

from which w e  have T = 850O0K. 

dev ia t ions  from thermodynamic equilibrium, overpopulation of t h e  f i r s t  l e v e l  
occurs. 

t i m e s  smaller than t h e  observed value of n3/nl (Ref. 3 4 ) .  W e  then f ind  t h a t  

T = 10 OK. equals 9-10 OK i n  t h e  
e e 

I n  t h e  second place,  w e  may assume t h a t ,  due t o  

This means t h a t  t h e  r a t i o  n3/nl, given by t h e  Boltzmann formula, is t en  

e 

4 3 From this poin t  on, w e  s h a l l  assume t h a t  T 

5 



I 

f l a r e s .  Ion iza t ion  a t  this temperature may b e  determined according t o  (Ref. 35). 
It approximately equals 0.2. 
produced by the  f l i g h t  of rapid p a r t i c l e s  d i r e c t l y .  
t a n t  s ince  more than 20 erg  per  each cubic centimeter are necessary f o r  increas ing  
the  ion iza t ion  from a value corresponding t o  5000’K (chromosphere) up t o  a 
value corresponding t o  10,000’K. 

T h i s  value is g r e a t e r  than t h e  va lue  of i on iza t ion  
This f a c t  is  very impor- 

This energy is l i b e r a t e d  only i n  

20 - W 130 seconds. 
0.15 - The energy is  a l s o  used i n  increas ing  t h e  k i n e t i c  energy of 

3 gas p a r t i c l e s  -- about 4 e rg  per  1 c m  . 
Thus, as a r e s u l t  of t h e  i n t e r a c t i o n  of rap id  p a r t i c l e s  i n  t h e  region of 

the f l a r e ,  the temperature and ion iza t ion  f i r s t  increase ,  reaching values which 
are c lose  t o  those ac tua l ly  observed i n  f l a r e s .  

Af t e r  reaching an equilibrium (in terms of t h e  balance of energy) state, 

The br ightness  of t h e  f l a r e  
F l a r e  emission i n  o ther  

Brightness changes 

t h e  H and L 

l i b e r a t e d  during 
i n  H 

l i n e s  remove a comparatively s m a l l  por t ion  of t h e  energy. 
(and energy removal) are i n i t i a t e d ,  as we have already observed, no t  immediately 
a f t e r  t h e  occurrence of supplementary rad ia t ion ,  bu t  over a period of t i m e  which 
is  c l o s e  t o  the average t i m e  a quantum remains i n  t h e  region under consideration. 
According t o  (Ref. 36), t h i s  may be  estimated as € = E (t 1 2  + t 1, where ‘z is  

t h e  average number of s c a t t e r i n g s ,  and t + t is t h e  t i m e  between two consecu- 

t ive moments of quantum radia t ion .  Under the conditions which we are inves t i -  
ga t ing ,  t h e  t i m e  passed by a quantum i n  the path between two s c a t t e r i n g s  (t ) 

is  very s m a l l  as compared with t h e  t i m e  when the  quantum 

rad ia t ions  produced i n  t h e  state remove almost a l l  of t h e  energy 
ct ct 

t h e  f l i g h t  of rapid p a r t i c l e s .  
w i l l  thus correspond t o  t h e  observed brightness.  

ct 

1 2  

2 
O C C G ~ S  Ir: the abs~?rherl 

d.- where T hrL n k ,  T i s  t h e  o p t i c a l  thickness,  
4 . ’  0- i k  0 state t = - . z =  

= 10-5*107 = 10 , and for k z l 0 -  , L = 10 cm. Consequently, f o r  Ha, ‘c0 

= 4.4010 . La, ‘c0 = 10 *5=1012 = 5-10 , A12 = 4.7*108, AZ3 

1 -  
1 A* 

2 1 3  8 

7 Thus, f o r  Ha w e  -5 7 

have 

and f o r  La, w e  have /91 

-6 2 

However, Osterbrock does not  take i n t o  
To ’ According t o  Osterbrock (Ref. 37), w e  must employ formula k = 6.10 

2 from which we  obta in  t = 10 
account the processes of real absorption, and due t o  t h i s  f a c t  t h e  t i m e  from 
t h e  moment when supplementary r ad ia t ion  occurs up t o  t h e  moment when i t  is ob- 
served by us i s  g r e a t l y  increased. Therefore, an increase  i n  r a d i a t i o n i n  the  
L 

seconds. 

l ine  must not  be expected when a f l a r e  occurs i n  H a ct’ 
but  later.  A s  ca l cu la t ions  

6 
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show, t h i s  delay may amount t o  seve ra l  tens of minutes. A similar r e s u l t  w a s  
obtained i n  (Ref. 38) .  
measure t h e  f lare  emission i n  H by means of rocke ts  and satellites. 
t h i s  delay n a t u r a l l y  leads t o  washing out i n  t i m e .  
t i o n  i n  H may be s m a l l  and longer than i n  H 
g rea t  o p t f c a l  thickness is located above thg f l a r e .  

This must b e  kept i n  mind when attempts are made t o  
I n  add i t ion ,  

c1 
Thus, an increase  i n  radia- 

, espec ia l ly  i f  a gas layer  with 

I V .  Dependence of Energy Libera t ion  on T i m e  

The method presented i n  Section I for  ca l cu la t ing  t h e  energy l i b e r a t e d  i n  
a medium d id  not take i n t o  account t h e  fea tures  of p a r t i c l e  energy d i s t r i b u t i o n  
o r  changes i n  energy l i b e r a t i o n  with time i n  t h e  region under consideration. I f  
such a ca l cu la t ion  is  attempted, with allowance f o r  t h e  energy spectrum of t h e  
p a r t i c l e s ,  t he  f a c t  must be kept i n  mind t h a t  t he re  are many more p a r t i c l e s  with 
low energy than t h e r e  are with high energy. Thus, i t  w a s  pointed out i n  (Ref. 
39) t h a t  Van Allen obtained 1036 p a r t i c l e s  wi th  energ ies  g rea t e r  than 
when observing a stream of p a r t i c l e s  from a s t rong  f l a r e .  W e  have confined our- 

se lves  t o  p a r t i c l e  energies above 5*107 MeV, and w e  s h a l l  assume t h a t  the  t o t a l  
energy of a l l  t h e  p a r t i c l e s  equals t he  t o t a l  energy which w e  assumed i n  t h e  i n i -  

t i a l  preliminary ca lcu la t ion .  Consequently, i t  equals 1033*109*1. 6*10-12=1.6* 

lo3' erg.  It is  assumed t h a t  N (E) = -y, f o r  t h e  d i f f e r e n t i a l  energy spectrum 
EY 

of p a r t i c l e s  where y = 3 (Ref. 40, 41 ) .  Since the  spectrum of particles 
may change toward an  increase  i n  y when p a r t i c l e s  move toward the  ea r th ,  w e  
have a l s o  inves t iga t ed  the  case y = 2. It w a s  assumed i n  the  ca l cu la t ions  t h a t  
a s i n g l e ,  b r i e f  i n j e c t i o n  of p a r t i c l e s  i n t o  t h e  f l a r e  region occurs. From t h i s  
po in t  on, w e  s h a l l  proceed on t h i s  assumption. 
energy i s  g5ven o f f  by a i l  the particles as 3 resu l t  of ion iza t ion  lo s ses .  
p a r t i c l e  w i th  t h e  energy E l o ses  
p a r t i c l e s  l o s e  t h e  following i n  t h e  f i r s t  moments 

30 Mev 

A 

L e t  us ca l cu la t e  how much 
A 

k (E) pf3c energy i n  one second, and a l l  t he  

03 1 

5-10' 
dt 

T h e  p a r t i c l e  spectrum changes i n  t i m e .  
func t ion  of E and t. W e  f i nd  from the condition assumed above t h a t  f o r  y = 3, 

Therefore, w e  must assume t h a t  N is a 

34 26 the t o t a l  number of p a r t i c l e s  must equal 5.10 

( the  energy is expressed i n  e rgs) .  

obtained and A, = 8*102'. 

za t ion  l o s s e s  of protons with energies less than 10 
r e l a t i v i s t i c  approximation, which g rea t ly  s i m p l i f i e s  t h e  ca lcu la t ions ,  f o r  such 

p a r t i c l e s  with a f a i r l y  s m a l l  e r ro r .  According t o  

, and A = A3 equals 1.6'10 
Y 

Energy is primarily l i b e r a t e d  i n  a medium due t o  ioni-  

eV.  

For y = 2, p a r t i c l e s  are correspondingly 

9 L 

W e  may employ t h e  non- j92 

The energy lo s ses  dE = kpu. 

2 
formula (Z), the quant i ty  k contains the f a c t o r  [ I n  - B I ,  

(1-62) I (z) 

7 



19 
which changes from 6.7 t o  14.8 when t h e  p a r t i c l e  energy changes from l o 7  t o  10 
W e  s h a l l  disregard such a small  change, and s h a l l  assume t h a t  t h i s  f a c t o r  equals 

eV. 

7 -2 dE 5 . 3 ~ 1 0 ~  4.7*10-8 =JE 10. Then k = 0.31*10 B e V  per  1 g. We thus have dt = 
U 

erg/sec.  
be N1 (E, t ) .  This is  exact ly  the  number of p a r t i c l e s  which a t  the  moment 

t = 0 have the  energy x, i.e., N1 (E , t )  dE = N1 (x,t,) dx = N (x) dx, where x 

i s  the  quant i ty  which is  re l a t ed  with E by the  r e l a t ionsh ip  

A t  a c e r t a i n  moment t the  number of p a r t i c l e s  with the  energy E w i l l  

After  i n t eg ra t ion ,  w e  obtain 

(5) 
i 

x = (Cf + EJlx)t/a. , 

The i n i t i a l  condition is  apparently f o r  t = 0, x = E, B = 2/3C = 4.7010-~.  
f i n a l l y  have 

W e  

and 

7 -5 e V  = 8-10 where y = 2 and 3, xo = 5.10 

se l ec t ed  from x 

r e l a t ionsh ip  C t l  = x1 3/2 fo r  p a r t i c l e s  with i n i t i a l  energy values which a r e  

less than x 

se l ec t ed ,  no t  from x 

e r a t i o n  dQ/dt. 

I n  our case,  the  boundary (Ct) 2/3 = xo lies around t = 10. For the  cases 

t = 10, t h e  i n t e g r a l  (7) may be represented as follows 

erg.  The in t eg ra t ion  limits must be 

to 03, while E > 0. I n  the  t i m e  tl, which is  determined from 
0 

E ( t l )  becomes equal t o  zero. Therefore, t h e  i n t e g r a l  must be 

I n  prac t ice ,  the  i n t e g r a l  may be se lec ted  from (Ct)2/3 t o  00. 

1' 
but  from x1 t o  - i n  the  expression f o r  the  energy l i b -  0' 

For t > 10,  the  i n t e g r a l  acquires the  following form 
03 

dx s xy (xa/x-ctf/a 
- dQ = A,B 

dt  
(Ct)'ll 

8 



L e t  us set x = (Ct)2'3 y. W e  then have 

The i n t e g r a l  converges. There may be some doubts only about the lower 
l i m i t s ,  but  s e t t i n g  y = 1 +  rl and rl + 0, we may r ead i ly  see i t  is  cor rec t .  
i n t e g r a l  

The 

f o r  the case y = 2 may b e  r ead i ly  selected according t o  the formula f o r  binomial 
d i f f e r e n t i a l s  (Ref. 42) and equals 1. For the case y = 3, by numerical integra-  
t i o n  w e  f i n d  that F3 = 0 . 6 6 .  

Thus, f o r  y = 2 

-- and D = */ v = 178t-1 erg/cm3'fiec. 
dt I 

'Q - 5,34.1029t-1, 
Ci! 

3 .  E, erg/cm sec.  

? a  1 1  
- ' I  I 

t s ec .  
Dependence of Energy Lib- Figure 1. 

e r a t i o n  i n  a Medium Upon T i m e  f o r  
t he  Case y = 3. 
The Dashed Line Designates the As- 
sumed Behavior of the F la re  Bright- 
ness i n  H Up t o  the  M a x i m u m .  ct 

3 E ,  erglcm ' s e c .  

t ,  sec .  
Figure 2. Dependence of Energy Lib- 
e ra t ion  i n  a Medium Upon T i m e  f o r  
the Case y = 2. 
The Dashed Line Designates the  As- 
sumed Behavior of the F la re  Bright- 
ness  i n  H Up t o  t h e  M a x i m u m .  

c1 

9; 



For y = 3,  we have 

3 3 For t = 0, w e  ob ta in  f o r  y = 2, D = 12 ers/cm 'sec and f o r  y = 3, D = 18 erg/cm 
i dx sec. For t = 10, w e  may ca l cu la t e  - 

f o r  y = 2 

i n  Table I, where the  values of D - - do / v are given i n  erg/cm 'set. 

3 
, , which y i e l d s  9 erg/cm *set 

*;'a s 2 
3 We 

and 5.6 erg/cm -sec f o r  y = 3. The computational r e s u l t s  are given 
3 

d t  

TABLE I 

/94 

Figures 1 and 2 show t h e  dependence of energy l i b e r a t i o n  on t i m e .  

A s  has been ind ica ted  above, about 24 erg  per  1 an3 is  necessary f o r  hea t ing  

It a l s o  
schematically shows how t o  represent t h e  development of f l a r e  emission i n  Ha. 

and ioniz ing  t h e  gas i n  a f l a r e .  
t a ined  shows, however, t h a t  t h e  area between t h e  curve f o r  energy l i b e r a t i o n  
and the emission curve i n  H i n  the  period before  the  f l a r e  maximum corresponds 

t o  a va lue  which is  much grea te r .  The ciirvea for the dependence of r a d i a t i o n  
i n t e n s i t y  on t i m e ,  which have been shown i n  d e t a i l  i n  Figures 1 and 2 ,  are f r e -  
quently encountered i n  t h e  photometry of f l a r e s  [ see ,  f o r  example, (Ref. 4311. 
A s m a l l  change i n  t h e  p a r t i c l e  spectrum, and t h e i r  repeated and prolonged in j ec -  
t i o n  can expla in  a l l  t h e  va r i e ty  of f l a r e  emission behavior i n  H 

Graphic i n t e g r a t i o n  of t h e  d i s t r i b u t i o n s  ob- 

c1 

with  t i m e .  a 

V. Concluding Remarks 

9 6 W e  found i n  Section I1 t h a t  p a r t i c l e s  wi th  energ ies  of 10 eV l o s e  10 e V  
pe r  one second, and l o s e  t h e i r  e n t i r e  energy i n  1000 seconds. 
leaves t h e  atmosphere of t h e  sun o r  no t  g r e a t l y  depends on the  configuration of 
t h e  magnetic f i e l d s .  
g r e a t e r  chances t o  leave the  atmosphere of t he  sun and t o  be observed on the  
ea r th .  
f o r  weaker f i a r e s ,  and the  par t ic les  fm t hese  flares have smaller energies.  
These p a r t i c l e s  very rap id ly  lo se  a l l  of t h e i r  energy. 
r e a d i l y  b e  ca lcu la ted  according t o  formula (2) t h a t  p a r t i c l e s  with an energy less 

8 than 10 
a f l a r e .  
earth along w i t h  weak chromosphere f l a r e s .  
may a l s o  be due t o  t h e  ion iza t ion  losses of r ap id  p a r t i c l e s .  

Whether a par t ic le  

There is  no doubt t h a t  p a r t i c l e s  with l a r g e r  energies have 

It may a l s o  be  assumed t h a t  t h e  acce le ra t ion  process occurs less vigorously 

For example, i t  may 

e V  l o s e  a l l  of their energy most r ap id ly  i n  t h e  chromosphere during 
A s  a r u l e ,  an increase  i n  t h e i r  number w i l l  no t  be  observed on the  

However, emission of such weak f l a r e s ,  



Based on formulas given i n  (Ref.  44), w e  ca l cu la t ed  t h a t  t h e  M a x w e l l  velo- 

However, it may be expected t h a t  many ions wi th  
c i t y  d i s t r i b u t i o n  is  es tab l i shed  fo r  the majority of p a r t i c l e s  more r ap id ly  than 
these  p a r t i c l e s  can recombine. 
g r e a t  v e l o c i t i e s  w i l l  recombine, which leads t o  t h e  formation of wide wings on 
t h e  H l i n e .  An unusually l a r g e  population of t h e  t h i r d  hydrogen level, as com- 

pared with the  f i f t h  level, w a s  noted i n  (Ref. 14, 15). This deviation may 
probably be explained by the  overpopulation of t h e  lower hydrogen levels, which 
is  r e l a t e d  wi th  deviations from the  state of l o c a l  thermodynamic equilibrium 
(Ref. 3 4 ) .  

a 

It may be  seen from the  statements given above that t h e  occurrence of ex- 
may be explained, by assuming t h a t  t hese  processes are re- cess emission i n  H 

l a t e d  w i t h  t h e  passage of rap id  protons i n  t h e  chromosphere. 
a 

Apparently, a b a s i c  f a c t o r  i n  a f l a r e  i s  t h e  slow accumulation and then /95 
rap id  t r a n s i t i o n  of the magnetic f i e l d  energy i n t o  another form, and the  acce- 
l e r a t i o n  of p a r t i c l e s  which thus occurs. 
i n  t h e  chromosphere, produce t h e  observed emission.*' 

I n  t h e i r  t u rn ,  these p a r t i c l e s ,  moving 

A. B. Severnyy (Ref. 45) inves t iga ted  the pa ths  f o r  the i n i t i a l  i nc rease  i n  
i n t e n s i t y  i n  the  region of t he  f l a r e .  
t i o n  on t h e  f i r s t  developmental s t age  of t h e  f l a r e  occurs as we discussed above. 
A t  t h e  same time, a br ightness  increase  i n  H 

increased br ightness  i n  Ha is observed continuously, as long as the re  are r ap id  

p a r t i c l e s  i n  t h e  region of t h e  f l a r e  observed i n  Ha. 
becomes t h e  same as i n  t h e  surrounding chromosphere as t h e  dens i ty  of t h e  radia- 
t i o n  fieici  i n  L decreases,**' 

The inc rease  i n  temperature and ioniza- 

occurs for several minutes. An a 

After  t h i s ,  t he  emission 

a 

The author would l ike t o  thank A. B. Severnyy, B. M. Vladimirskiy, A. A. 
Stepanyan, and L. E. Gurevich f o r  de ta i led  discussions of t h e  study and f o r  
va luable  advice. 
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